DNA sequences of a fragment of nifH from diverse cyanobacteria were amplified, cloned and sequenced to determine the evolutionary relationship of nitrogenase within the cyanobacteria as a group, and to provide a basis for the identification of uncultivated strains of cyanobacteria in the environment. Analysis of 30 nitrogenase DNA and deduced amino acid sequences from cyanobacteria representing five major taxonomic subdivisions showed great variation in phylogenetic distances between the sequences. Sequences from heterocystous cyanobacteria formed a coherent cluster, in which branching forms did not form a clade distinct from the non-branching forms. Nitrogenase sequences from the unicellular cyanobacteria GIoeothece and Synechococcus sp. RF-1 formed a cluster, as did sequences from the genera Xenococcus and Myxosarcina. The nifH sequences of filamentous nonheterocystous cyanobacteria were not closely related to each other, forming deep branches with respect to the heterocystous cyanobacterial nifH sequences. The phylogeny of nifH based on amino acid sequences was consistent with taxonomic relationships among the strains; for example, a sequence obtained from a natural assemblage believed to be dominated by 'Lyngbya' clustered with nifH from Lyngbya lagerheimii. Results also indicate that the phylogeny of nifH among the cyanobacteria is largely consistent with the phylogeny of 16s rRNA, and furthermore that the nifH sequence can be used to identify uncultivated strains of nitrogen-f ixing cyanobacteria.
INTRODUCTION
Cyanobacteria are dominant members of many aquatic and terrestrial environments (Castenholz & Waterbury, 1989; Brock et al., 1984) and can be found in virtually every major habitat type, including deserts, freshwater and marine environments in temperate habitats, as well as extreme environments such as hot springs and Antarctic lakes (Castenholz & Waterbury, 1989) . They have played an important role in the evolution of life on Earth (Schopf & Walter, 1982) . As a group, cyanobacteria are photosynthetic, containing photosystem I and photosystem I1 as found in higher plants (Brock et al., 1984) . Morphological characteristics of cyanobacterial genera vary from unicellular forms to highly structured branching filamentous forms with differentiated cells, including heterocysts and akinetes. Taxonomically, cyanobacteria are grouped into unicellular forms that divide by binary fission (Subsection I) or multiple fission (Subsection 11) ; and filamentous forms that are non-heterocystous (Subsection 111) or differentiate heterocysts in non-branching or branching filaments (Subsections IV or V, respectively) (Rippka et al., 1979; Castenholz & Waterbury, 1989) .
It has been difficult to define taxonomic or phylogenetic relationships within the cyanobacteria because of the scarcity of distinct, consistent characters that support a taxonomic scheme. Furthermore, relatively few species are maintained in axenic culture and have been grown under appropriate culture conditions to detect crucial characteristics upon which the current taxonomy is based (Castenholz & Waterbury, 1989) . Studies of the phylogenetic relationships of cyanobacteria based on 16s rRNA sequences have underscored this difficulty, particularly with the non-heterocystous filamentous IV  IV  IV  IV  IV  IV  IV  V   V  I1  V  V   I  I11  I1  IV  IV  IV  IV  IV  I11  I11  111  IV  I  I11  I11  I11  I1  I11 " Denotes sequences determined in this study.
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cyanobacteria, which do not form a well-defined phylogenetic cluster (Giovannoni et al., 1988) .
Characteristics not uniformly dispersed across taxa or morphologic groups include toxicity (Gleason & Wood, 1987) , degradation of xenobiotics (Kuritz & Wolk, 1995) , and nitrogen fixation (Haselkorn & Buikema, 1992) . In particular, nitrogen fixation is not shared uniformly by any taxonomic or phylogenetic group except the heterocystous cyanobacteria (Young, 1992) . Ecologically, nitrogen fixation is important as it allows cyanobacteria to invade or dominate nitrogen-deficient environments. In many microbial communities, representatives of several different cyanobacterial types can be fmnd. It is often difficult to ascertain which, if any, of the cyanobacteria can or do fix nitrogen (Bebout et al., 1993; Zehr et al., 1995) . Therefore, a molecular approach based on the use of nitrogenase (nif) genes can be extremely useful if the phylogeny of nif genes is consistent with a rational systematic ordering of cyanobacterial genera and groups (Zehr & Capone, 1996; Zehr et al., 1995) .
Nitrogen fixation (nif) genes have been highly conserved throughout evolution, even though they are widely distributed throughout bacterial and archaeal genera (Young, 1992) . There has been some controversy over whether nitrogen fixation genes have been inherited ancestrally or have been transferred laterally (Postgate & Eady, 1988; Young, 1992) , but available sequence data have limited analyses to comparisons among genes from rather distantly related organisms. Previously, there have been few cyanobacterial nitrogenase sequences available to determine whether the phylogeny of nitrogenase is consistent with a phylogeny of cyanobacteria based on other genes (e.g. 16s rRNA). In this study, sequences of a portion of nifH, the gene encoding the two identical subunits of the Fe protein of nitrogenase, were compared for three reasons. First, the comparison of phylogenies based on two genes (16s rRNA and nifH) may provide insight into the phylogeny of the cyanobacteria. Second, the phylogeny of nifH within the cyanobacteria will provide additional information regarding the evolution of nitrogenase. Finally, the phylogenetic relationships of cyanobacterial n i p can be used as the basis for a powerful approach to the study of uncultivated nitrogen-fixing cyanobacterial strains in the environment.
METHODS
DNA was extracted from pure cultures of cyanobacteria obtained from several sources (Table l) , and also from an enrichment of a natural marine cyanobacterial mat. The marine mat was collected from an intertidal lagoon on Bird Shoal Island in the Rachel Carson National Estuarine Research Preserve near Beaufort, NC, USA (Zehr et al., 1995) .
Extraction protocols were slightly modified from those used by Giovannoni et al. (1990) and have been previously described (Zehr et al., 1995) . A fragment of the nifH gene was amplified from the purified DNA using degenerate oligonucleotides corresponding to amino acid positions 42-160 (including primer sequences) of the nifH sequence from Nostoc (Anabaena) sp. PCC 7120 (Zehr & McReynolds, 1989; Zehr et al., 1995) . The primers are approximately 100-fold degenerate (redundant). Technical considerations of the use of these primers were reviewed by Zehr & Capone (1996) .
The amplified nifH fragments (359 bp including primers) were purified by gel electrophoresis and cloned in plasmid vectors designed for cloning PCR-amplified DNA (pT7Blue, Novagen) . The recombinant clones carrying the correct-sized insert were sequenced by the dideoxynucleotide chain-termination method (Sanger et al., 1977) . Both strands of the cloned insert were sequenced. The DNA sequences were read and checked using a DNA Sequence Digitizer and DNASIS (version 7.08) sequence analysis software (Hitachi) .
The nifH DNA and deduced amino acid sequences were aligned to nifH sequences from the GenBank database. The nifH sequences are easily aligned within the region amplified by the PCR primers, although cyanobacterial nifH sequences Fig. 3 . Phylogenetic analysis of cyanobacterial nifH deduced amino acid sequences. The amino acid sequences were analysed by both distance and parsimony methods, using the Klebsiella pneurnoniae nifH sequence as an outgroup. The data were analysed with 100 bootstrap replicates; the values presented above the nodes are the bootstrap values generated by distance methods, whereas those below the nodes were generated by parsimony. Only bootstrap values greater than 50 % are shown.
are three nucleotides shorter than proteobacterial nifFI sequences in the amplified region. Sequence alignments and DNA translations were performed using Genetic Data En-
vironment (GDE version 2.2; Smith et al., 1994).
DNA and amino acid sequences were analysed with the PHYLIP 3.5 package using UNIX (executed via GDE) and IBM PC versions (Felsenstein, 1993) . The DNA and deduced amino acid sequences were analysed by the neighbour-joining distance method, using the Kimura and Dayhoff weightingparameters for DNA and amino acid sequences, respectively. The distance trees were tested by bootstrapping each dataset 100 times. The DNA was also analysed after eliminating the third position of the codons, but the data are not presented here, as they were consistent with the phylogenetic analysis of amino acid sequences. Distances (fixed substitutions per site) were determined from individual phylogenetic analyses, and bootstrap values were assigned to nodes that were supported by more than 50% of the bootstrap replicates. Parsimony analysis was also performed on the data using DNAPARS and PROTPARS programs included in PHYLIP 3.5 (Felsenstein, 1993) .
RESULTS AND DISCUSSION

Relationship of cyanobacterial nifH phylogeny to taxonomy and 165 rRNA phylogeny
The nifH DNA and deduced amino acid (Fig. 1 ) sequences in the region amplified by PCR are highly conserved. The cyanobacterial deduced amino acid sequences can be distinguished from aligned y-proteobacterial sequences by a missing amino acid in the cyanobacterial nifH sequences at amino acid position 74
( Fig. 1) within the amplified region (Ben-Porath & Zehr, 1994) . In analyses of nifH from a wide variety of bacteria and archaea, the cyanobacterial nifH sequences cluster together with a high bootstrap value (data not shown).
Phylogenetic analysis of the DNA sequence data (both with and without the third base of amino acid codons), and the deduced amino acid sequence data produced results that were similar.
The conclusions from phylogenetic analysis of nifFi sequences in the cyanobacterial strains studied are largely consistent with analyses based on 16s rRNA sequences (Giovannoni et al., 1988 ; Wilmotte, 1994) although the results presented here are limited by the length of the sequences analysed (107 amino acid residues). Using either parsimony or distance methods, similar results were obtained (Figs 2 and 3) , providing confidence that they are not simply a result of the phylogenetic method chosen for the analysis. The observations that some sequences cluster tightly together with high bootstrap values, whereas others form deep branches, indicate that there is indeed a range of evolutionary distances among the cyanobacterial groups. Giovannoni et al. (1988) showed that there were very deep branches within the cyanobacterial radiation, particularly among the Subsection I11 filamentous nonheterocystous cyanobacteria. More recently, an analysis of a larger number of 16s rRNA sequences arrived at the same conclusion (Wilmotte et al., 1992 ; Wilmotte, 1994 clade on the basis of both DNA and deduced amino acid sequences, which is consistent with the well-defined clustering of Subsection I1 cyanobacterial 16s rRNA sequences (Wilmotte, 1994; Giovannoni et al., 1988) . However, the Dermocarpa sp. nifH DNA sequence did not associate as strongly with the other Subsection I1
cyanobacterial nifH sequences. Therefore, the Subsection I1 cyanobacterial nifH sequences do not appear to form as coherent a cluster as do those of the Subsection I cyanobacteria.
The heterocystous cyanobacterial nifH genes define a clade based on DNA or amino acid sequence analysis (Figs 2 and 3) . The cluster includes sequences from representatives of both Subsections IV and V of the cyanobacteria, which are largely distinguished by the presence (V) or absence (IV) of true branching in filaments. Fischerella spp. and Chlorogloeopsis spp. are both included in the Subsection V cyanobacteria, and thus their placement in the heterocystous cyanobacterial cluster is consistent with taxonomic and phylogenetic considerations. However, phylogenetic analysis of nifH does not distinguish between these genera (Figs 2 and 3) whereas they are distinguished by 16s rRNA sequences (Wilmotte, 1994 (Wilmotte, 1994) . Analysis of 16s rRNA sequences derives a similar topology, with heterocystous cyanobacterial 16s rRNA sequences forming a cluster including sequences from the genera Anabaena, Nostoc, Chlorogloeopsis, Scytonema and Fischerella (Wilmotte, 1994) . Because the strains of cyanobacteria used in the two studies were not exactly the same, it is not possible to directly compare the positions within phylogenetic trees (Wilmotte, 1994) since there can be a significant variability between species within the same genus.
Surprisingly, the Calothrix sp. PCC 7101 nifH sequence does not cluster with the other heterocystous cyanobacterial nifH sequences, including the Calothrix sp. ATCC 27914 n i p sequence.
The placement of some sequences within the cyanobacterial nifH phylogenetic tree could be complicated by paralogous comparisons of nifH sequences. In a previous study, two different nifH sequences were amplified from the same culture of Anabaena oscillarioides (Kirshtein et al., 1991) . These sequences cluster together, however, and are likely to be the result of 'recent' gene duplication. The alternative nitrogenase genes, which encode nitrogenase proteins that contain V or Fe rather than M o in the dinitrogenase component of nitrogenase (the nifHDGK operon; Bishop & Premakur, 1992) , represent duplication events that occurred early in the evolution of the nitrogenase genes, and so the nifH associated with the alternative nitrogenase would be paralogous to the nifH gene of the 'conventional' Mocontaining nitrogenase (Young, 1992) . The nifH sequence of the first alternative nitrogenase (V-containing) in Azotobacter chroococcum is very similar to the ' conventional ' nifH sequence, and the two sequences associate phylogenetically (Zehr et al., 199s) . The second alternative nifH locus is substantially different, and such alternative nifH sequences obtained from different organisms cluster together on a very deep branch (Zehr et al., 1995) . Recently, two nifH sequences have been reported from Fischerella sp. PCC 1931
(GenBank U49514 and U49515). These sequences do not cluster together, but one copy associates with the nifH sequence from Calothrix sp. PCC 7102, indicating that these genes may be homologous loci derived from a gene duplication or transfer early in cyanobacterial history. Thus far, there have been few reports of multiple copies of nifgenes within the cyanobacteria (Rice et al., 1982; Kentemich et al., 1988; Thiel, 1993; Kirshtein et al., 1991) . Recently, a second nitrogenase has been cloned from the heterocystous Anabaena variabilis ATCC 29413, which is expressed only under anoxic conditions (Thiel et al., 1995 (Fig. 2) , but are close to the outgroup based on the deduced amino acid sequences (or the DNA sequence masked for the third position; data not shown) (Fig. 3) . The position of the Trichodesmium nifH clade implies that this lineage may have branched from other cyanobacteria relatively early. However, the filamentous, nonheterocystous cyanobacterial sequences generally have deep branches based on 16s rRNA (Giovannoni et al., 1988) or n i p . Furthermore, Wilmotte et al. (1994) (Figs 2 and 3 ).
Nitrogenase evolution
The phylogenetic analysis of cyanobacterial nifH sequences provides insight into the evolution of the cyanobacteria and nitrogenase in general. The results support the conclusion that the heterocystous cyanobacteria appeared relatively late in the evolution of the cyanobacteria (Giovannoni et al., 1988) . The similarity of the phylogenies inferred from 16s rRNA and homologous nifH sequences supports the thesis that the nitrogenase genes have descended vertically from an ancient progenitor, and that the conservation of the nitrogenase genes amongst diverse organisms is due to the constrained evolution of an ancient gene, rather than lateral transfer of nitrogenase genes in more recent times. While this issue is difficult to address without knowing the extent of paralogous nifH sequences within the cyanobacteria, the clustering of the cyanobacterial nitrogenase sequences indicates that if lateral transfer occurred, it happened early in the evolution of cyanobacteria and does not explain the haphazard distribution of nitrogenase within cyanobacterial taxonomic Subsections I to 111. There has been little evidence yet of lateral transfer among the cyanobacteria (Castenholz, 1992; Muro-Pastor et al., 1994) , but the use of 16s rRNA and genes such as nifH may help to identify whether such events have occurred. A recent analysis of a limited number of sequences of nifH, n i p and nifK genes from species representing proteobacteria, cyanobacteria and Gram-positive bacteria could not resolve the issue of horizontal versus vertical descent (Hirsch et al., 1995) .
The data presented here imply that the cyanobacterial nifH genes have been within the cyanobacterial lineage since it diverged, which may have occurred up to 3.5 billion years ago (Wilmotte, 1994; Schopf & Walter, 1982) . Phylogenetic analysis of nitrogenase genes may provide insight into the evolution of cyanobacteria. In addition, molecular information such as 16s rRNA sequences (Giovannoni et al., 1988; Wilmotte, 1994) and the data presented here may eventually aid the development of a systematic classification of cyanobacteria. Most assuredly, it will aid in the identification of uncultivated nitrogen-fixing cyanobacterial strains in the environment, and provide molecular markers for the cultivation of strains of interest.
